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SUMMARY 

A simulator  study  of  the  use  of a p i c to r i a l   a i r c ra f t -gu idance   d i sp l ay   has   been  
conducted. The d isp lay   p resents  a drawing  of a three-dimensional  box  that is  located 
on the  desired path  and moves along  that   path  ahead  of   the  a i rcraf t .  The simulator  
modeled a typical  four-place,   single-engine,  high-wing a i r c r a f t ,  and posi t ion-  
regula t ion   tasks  were performed. The purpose  of  the  study w a s  t o  examine t h e   e f f e c t  
on the  pi lot-aircraf t -display  system  response of   varying  the  f ie ld   of  view  and d i s -  
t a n c e   t o   t h e  box,  both of which are design  parameters  of  the  display.   Pilot   rank- 
ings,  system  performance,  and  system-response  characteristics were determined. 

The p i lo t s   p re fe r r ed   t he   d i sp l ay   conf igu ra t ion   t ha t   u sed   d i s t ances   t o   t he  box  of 
368 m ( 1  200 f t )  and 915 m (3000 f t )  and a f i e l d  of  view  of f30°. Shor te r   d i s tances  
r e s u l t e d   i n   h i g h e r  system frequencies  and longe r   d i s t ances   r e su l t ed   i n  lower system 
frequencies,   both of  which t h e   p i l o t s   p r e f e r r e d  less. Fields  of view l a r g e r   o r  
smaller  than +30° r e s u l t e d   i n  less system damping,  which t h e   p i l o t s   p r e f e r r e d   l e s s .  

The best performance,  both i n   t h e  s e n s e  of  quickness  of  error  correction  and 
lower  s tandard  deviat ions  of   la teral-   and  ver t ical-posi t ion  errors ,  was obtained  with 
a s h o r t   d i s t a n c e   t o   t h e  box  of 9 2  m (300 f t )  and a f i e l d  of  view of f15O. With a 
narrower  f ie ld  of  view  of &So, t he  s y s t e m  damping was so low t h a t  performance was 
adversely  affected.  Longer d i s t a n c e s   t o   t h e  box r e su l t ed  i n  lower system frequen- 
cies, slow  system  response,  and  large  errors. 

INTRODUCTION 

The "follow me" box p i c t o r i a l   d i s p l a y  is  a n  a i r c ra f t -gu idance   d i sp l ay   t ha t  com- 
bines  many poten t ia l   advantages   in  a very  simple  drawing, which can  be  implemented 
with  an  onboard d i g i t a l  computer, a cathode-ray-tube  display  device,  and  standard 
a i r c r a f t   n a v i g a t i o n  and a t t i t ude   s enso r s .  The d isp lay   p resents  a drawing  of a three- 
dimensional  box  that is  located on the  desired  path  and moves along  the  path  ahead  of 
t h e   a i r c r a f t .  The box symbol provides   suf f ic ien t   in format ion  on p o s i t i o n   e r r o r s  and 
a t t i t u d e   a n g l e s   f o r   t h e   p i l o t   t o   p o s i t i o n   t h e   a i r c r a f t  on the   des i red   pa th .  The 
d i f f e r e n t   f e a t u r e s  of t he  symbols ( i ts  shape   and   loca t ion   in   the   d i sp lay)   p resent   the  
d i f fe ren t   var iab les   independent ly  so tha t ,   i n   pa r t i cu la r ,   d i sp l acemen t   e r ro r s  are 
Shawn independently. The p i l o t ' s   t a s k  is  simply to   fo l low  the  box. 

Because  of t hese   f ea tu re s  of the  "follow m e "  box d i sp lay ,  i t  has  been shown i n  
previous s t u d i e s  t ha t   t he   p i lo t - a i r c ra f t -d i sp l ay   sys t em c a n  be operated a t  a much 
higher   f requency  than  that   obtained  with  e i ther   convent ional   displays  or   f l ight-  
d i rec tor   d i sp lays .  The r e s u l t  of the  higher  system  frequency is more p rec i se   con t ro l  
of a i r c r a f t   p o s i t i o n .  These  previous  s tudies   ( refs .  1 t o  5) have shown tha t   a l though 
very   p rec ise   cont ro l   can   be   ob ta ined   wi th   the  box d i s p l a y ,   t h i s   b e n e f i t  is tempered 
by t h e   f a c t   t h a t   t h e   p i l o t s   n o t e   a n   i n c r e a s e  i n  work load when the  parameters  of  the 
d isp lay  are ad jus ted  t o  provide   p rec ise   cont ro l  as compared t o  when they are ad jus ted  
to   p rovide   l ess -prec ise   cont ro l .  The s t u d i e s  of references 1 ,  3, and 4 show t h a t  a 
trade-off is  possible  between  precision of control   and work load by varying  the dis- 
tance t o  the  box. A l s o ,  i n   r e f e r e n c e  1 a f i e l d  of  view  of f25O w a s  used  because t h i s  



f i e l d  of  view was found t o  be  very  comfortable.  In  reference 3 a f i e l d  of view of 
+45O ( i n  t he  la teral  d i r e c t i o n )  w a s  used  because  of a d e s i r e   t o  have a f i e l d  of  view 
a s   l a r g e  as practical for   en   rou te   naviga t ion .  

The purpose  of  the  present  study i s  t o  examine v a r i a t i o n s   i n   d i s t a n c e   t o   t h e  box 
and f i e l d  of  view i n  more d e t a i l   t h a n   t h e   p r e v i o u s   s t u d i e s .  !the e f f e c t s  of  varying 
t h e   f i e l d  of  view  from k5O t o  k45O and t h e   d i s t a n c e   t o   t h e   b o x  from 9 2  m (300 f t )   t o  
6100 m (20  000 f t )   a r e  examined.  Seven  instrument-rated  subjects  with  varying 
amounts  of f lying  experience  gave  their   rankings  and comments on the   u se  of the   d i s -  
play.   Performance  data   and  character is t ics   of   pi lot-aircraf t -display  system  response 
were measured. The r e s u l t s  of this   s tudy  can  be compared d i r e c t l y   w i t h   r e s u l t s   f o r  
convent iona l   d i sp lays   ( re f .  2)  and   f l i gh t -d i r ec to r   d i sp l ays   ( r e f .  5)  because  the same 
s i m u l a t o r ,   a i r c r a f t  model, wind dis turbance,   and  general   tes t   format  were  used i n  
each  study. The s imulator  modeled a typical  four-place,   single-engine,   high-wing 
a i r c r a f t .  The t a s k s  which the   p i lo t s   execu ted  were  simple  laboratory-type  position- 
r e g u l a t i n g   t a s k s   w i t h   i n i t i a l   e r r o r s   o r   i n   t h e   p r e s e n c e  of winds  and  gusts.  %e 
results shou ld   be   app l i cab le   t o   gene ra l   av i a t ion   t ype   a i r c ra f t .  

SYMBOLS 

Va lues   a r e   g iven   i n  S I  U n i t s  and,  where cons ide red   u se fu l ,   a l so   i n  U.S.  Custo- 
mary U n i t s .  Measurements  and ca l cu la t ions  were made i n  1J.S. Customary U n i t s .  

gust   spectrum  t ransfer   funct ions 

acce le ra t ion   due   t o   g rav i ty ,  m/sec2 ( 1 g = 9.8 m/sec 

a l t i t u d e ,  m 

pilot-model  gains,  rad/m 

dimensionless  pilot-model  gains 

gus t   charac te r i s t ic   wavelengths ,  m 

r o l l ,   p i t c h ,  and yaw angular   ra tes ,   respec t ive ly ,   rad /sec  

Laplace  operator,  sec" 

orthogonal random g u s t  components , m / s  ec  

a i r c r a f t   v e l o c i t y ,  m/sec 

a i r c r a f t  body-axis  system 

i n e r t i a l   a x e s  

2 

X iAI Y i A I  z a i r c r a f t   i n e r t i a l   p o s i t i o n ,  m 

X i B 1 Y i B f  box i n e r t i a l   p o s i t i o n ,  m 

iA 

Y l a t e ra l   d i sp l acemen t ,  m 
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I 

DESCRIPTION OF EXPERIMENT 

The purpose of this   experiment  was t o  examine t h e   e f f e c t  on p i lo t - a i r c ra f t -  
display  system  response of va r i a t ions   i n   d i s t ance   t o   t he  box i n  the d i r ec t ion  of 
the  desired  path ( D i s t . )  and f i e l d  of view (FOV) . The matrix of values  examined, 
together  with  the number iden t i fy ing  the configurat ion,  is given  in   the  fol lowing 
tab le :  

Configuration N u m b e r  
& 

Distance  to  box Field of  view  of - 
~~~~ ~ 

m f45 O *30 O fl5O f5 O f t  

92 300 

13 3 000 91 5 
12 1 1  10 9 1 200  3 68 
8 7 6 5 600 184 
4 3  2 1 

61 00 20 000 14 

~ ~ _ _ - ~  

A discussion of the display  concept that w i l l  he lp  i n  understanding  the  role of 
the  experimental  parameters w i l l  be given  in   the  fol lowing  sect ions.  Also given is a 
descr ip t ion  of other  important  factors  such  as  the  simulator and a i r c r a f t  model, the 
wind d is turbances ,   the   f l igh t   exper ience  of the   subjec ts ,   the   t es t   p rocedures ,  and a 
descr ip t ion  of the  pilot-model  analysis of the pi lot-aircraf t -display  system 
response. 

Display  Concept 

Sketch A shows a typical f l i g h t   s i t u a t i o n   i n  which t h e   a i r c r a f t ,  banked to   t he  
l e f t ,  is to   t he   r i gh t  and above the  desired  path.  The d isp lay   for  this typica l  
f l i g h t   s i t u a t i o n  is shown i n  sketch B. 

TO i l l u s t r a t e  the information  content of the  display,   consider  the simplif ied 
l a t e r a l   s i t u a t i o n s  shown in   ske t ch  C. A heading  error   a lone  (no  displacement   error)  
results i n  the d isp lay  shown  on the l e f t  with  the box displaced from the a i r c r a f t  
reference symbol. A displacement   error   a lone  (no  heading  error)   a lso causes the box 
t o  be displaced from the  reference symbol, but   with  the  s ide of the box v i s ib l e .  
(See   r igh t   s ide  of sketch C.) Placing  the aircraft  reference symbol on the  near  face 
of the box r e s u l t s   i n  a heading  angle that w i l l  e l iminate  the d isp lacement   e r ror   in  
time. AS the  displacement  error is  reduced,  the  side of the box disappears.  Thus, 
both  quickened  data ( a  combination of displacement and rate of change of displace- 
ment) and raw displacement  data  are  provided by the  display.  

The algorithm  for  drawing the box is presented   in   re fe rences  1 and 3. The 
inputs   requi red   to  draw the box are the  orthogonal  distances xiB - x i A P  Y i B  - Y i A I  
and ziB - ziA, the measured a t t i t u d e s  of the a i r c r a f t ,  and se lec ted   va lues   for   the  
f i e l d  of view and f o r  the s i z e  and a t t i t u d e s  of the box. I t  is assumed t h a t  the 
d is tances  of t h e   a i r c r a f t  from the  desired  path,  yiB - yiA and ziB - ziA, a r e  
obtained from the navigation  system. The other   dis tance  required,  xiB - xiA, i s  a 
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se lec ted   va lue   and   de te rmines   the   d i sp lacement   sens i t iv i ty   o f   the   d i sp lay .   Wi th   an  
xiB - xiA  value  of   92 m (300 f t) and a l a t e ra l  error o f   1 0  m ( 3 3  f t),  the   box  would 
be   s een  a t  an   ang le   o f  6.2O. With a n   x i B  - xiA value  of   915 m (3000 f t )   a n d  a 
la te ra l  error of  1 0  m ( 3 3  f t) , t h e  box would be seen  a t  an   ang le   o f  0.6’. In t h i s  
manner, t h e   d i s t a n c e  to the   box   changes   the   d i sp lacement   sens i t iv i ty   o f   the   d i sp lay .  

TYPICAL  FLIGHT 
SITUATION / 

Sketch A 

SIMPLIFIED  LATEPAL 
SITUATIONS 

A) 

Sketch C 

DISPLAY  FOR 
TYPICAL  FLIGHT 

SITUATION 

LReference 
symbol 

Sketch B 

E 
The f i e l d  of view h a s  a d i r ec t   e f f ec t   on   t he   head ing-   and   p i t ch -ang le   s ens i t i -  

i t y   o f   t h e   d i s p l a y .  With a f i e l d   o f   v i e w   o f  f 5 O  and  no  displacement   error ,  a head- 
i n g  change  of 5 O  would move t h e   b o x   t o   t h e   e d g e   o f   t h e   d i s p l a y .   W i t h  a f45O f i e l d   o f  
v i e w ,  a heading  change  of 45O would be r e q u i r e d   t o  move t h e  box t o   t h e   e d g e   o f   t h e  
d i sp lay .  I n  t h i s  manner, t h e   s e l e c t e d   f i e l d   o f  view  governs  the  heading-  and pitch- 
a n g l e   s e n s i t i v i t y   o f   t h e   d i s p l a y .  
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It should   be   po in ted   ou t   tha t   the  box-drawing a lgo r i thm  u t i l i ze s   t echn iques   t ha t  
r e s u l t   i n   t h e   d r a w i n g  of   only  those  edges  of   the   box  that  would b e   v i s i b l e   t o   t h e  
p i l o t .  These hidden-line  masking  techniques  eliminate  the  confusion  that  would e x i s t  
i f   t h e y  were not  used. ?he a lgo r i thm  a l so   r e su l t s   i n   t he   box   be ing  drawn with 
p a r a l l e l   s i d e s ,  as opposed to   o ther   t echniques   tha t   could   be   used   tha t  would r e s u l t  
i n  a vanishing-point  type  of  perspective.  ?he r e s u l t  i s  t h a t  when t h e   a i r c r a f t  i s  
0.3 m ( 1  f t )   t o   t h e   l e f t  of  the  desired  path,  a double   l ine  i s  drawn  on t h e   l e f t   s i d e  
of the  box t o  show t h e   l e f t   s i d e  of t he  box. When t h e   a i r c r a f t  is  0.3 m t o   t h e   r i g h t  
of   the  desired  path,  a double   l ine  is  drawn on t h e   r i g h t   s i d e  of t h e  box. ?his draw- 
ing  technique,   therefore ,   provides  a ve ry   s ens i t i ve   i nd ica t ion  of  small  displacement 
e r r o r s ,  which  would no t   be   p re sen t   i f  a vanishing-point  perspective  were  used. 

Although the   d i sp lay   can   present  a ve ry   s ens i t i ve   i nd ica t ion  of p o s i t i o n   e r r o r ,  
i t  c a n  a l so   p rovide  a use fu l   s igna l  when t h e   a i r c r a f t  i s  ve ry   f a r  from the   des i r ed  
path. %is s i t u a t i o n  i s  i l l u s t r a t e d   i n   s k e t c h  D, which  shows  both how the   d i sp l ay  
w i l l  look when t h e   l a t e r a l   e r r o r  i s  v e r y   l a r g e   ( s e e   l e f t   s i d e )   a n d  how it  w i l l  look 
when t h e   e r r o r  i s  small ( s e e   r i g h t   s i d e ) .  The sub jec t s  were t o l d   t h a t   p o i n t i n g   a t  
t h e  box would reduce  the  posi t ion  error .  They were a l s o   t o l d   t h a t  when t h e   e r r o r s  
were small,  and in   the   p resence   o f  winds  and long i tud ina l  trim changes, i t  would be 
necessa ry   t o   ad jus t   t he  aim p o i n t   s l i g h t l y .  This s i t u a t i o n  i s  a l s o   i l l u s t r a t e d  i n  
sketch D, which  shows the  aim p o i n t   a t   t h e   l e f t   o f   t h e  box t o  compensate f o r   t h e  
crosswind  from  the  left .  

TYPICAL FLIGHT SITUATION 
WITH  DISPLAY 

i Wind 
. J 3  

"'T-" 
n 
- r l =  

Sketch D 
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Simulator 

By using  six-degree-of-freedom  nonlinear  equations  of  motion,  the  simulator 
modeled a typical   four-place,   s ingle-engine,   h igh-wing  general   aviat ion  a i rcraf t .  
In   addi t ion  to   nonl inear   kinematics ,   the   fol lowing  nonl inear   aerodynamics  factors   and 
o t h e r   s p e c i a l   f e a t u r e s  were  included in   t he   s imu la t ion :  

( 1) Nonlinear l i f t  and   drag   coef f ic ien ts  were a function  of a2  as w e l l  a s   o f  
a. 

( 2 )  Nondimensional s t a b i l i t y   c o e f f i c i e n t s  C 
w e r e  a function  of a. * P I  

( 3 )  Asymmetric forces   and moments as a funct ion of t h r u s t   c o e f f i c i e n t  were 
included. 

( 4 )  A hydraul ic   control   loader   provided  forces   as  a funct ion of the  aerodynamic 
hinge moment. 

( 5 )  A sound  system  provided rea l i s t ic   engine   and   a i r s t ream  noise .  

The dynamic response   o f   the   s imula tor   a i rc raf t  model t o   c o n t r o l   s t e p   i n p u t s   a t  
t h e  nominal tes t  airspeed (85  knots) is  s h w n  i n  f i g u r e  1 .  Figure 1 ( a )  shows the  
short-per iod  longi tudinal   response  to  a 0.02-rad e l e v a t o r   s t e p   i n p u t .  ?he  response 
i s  well-damped with a frequency of 2 rad/sec. 'Ihe phugoid  response i s  s h w n  i n  f i g -  
u r e   l ( b )  and i s  f a i r l y  well-damped  with a per iod of 30 sec .  The l a t e ra l   r e sponse  
( f i g .  1 ( c )  ) i s  a l s o   f a i r l y  well-damped with a frequency  of 2 rad/sec.  Figure 1 a l s o  
shows the   undes i r ab le   l a rge   e f f ec t  of the  adverse yaw which was included i n  t h e   a i r -  
c r a f t  model. 

The d isp lay  was presented  on a 7.6-cm by 10.1 6-cm cathode-ray  tuhe (CRT) mounted 
i n  t he   cen te r  of the   ins t rument   pane l ,   as  shown i n  f i g u r e  2. The CRT replaced  the 
a t t i t u d e   i n d i c a t o r .  The r e s t  of the  panel  was l e f t  i n  a standard  configuration. 

The f ie ld-of-view  s ize   given i n  t he   expe r imen ta l   ma t r ix   r e f e r s   t o   t he   l a t e ra l  
f i e l d  of  view; t h e   v e r t i c a l   f i e l d  of  view was th ree - fou r ths   t ha t  of t h e   l a t e r a l   f i e l d  
of view. The zero-pitch-angle  location of t he   d i sp l ay  w a s  placed  one-third  of  the 
d is tance  down from the  top  of   the  display.  The a i r c r a f t  had a 4 O - t r i m  p i t c h   a n g l e   a t  
the  nominal  airspeed of the  tes t .   Therefore ,   wi th   the f 5 O  f i e l d  of  view, the  horizon 
was one-third  of   the   dis tance  up from the  bottom  of  the  display a t  trim f o r  a l g  
f l i g h t .   w i t h   t h e   l a r g e r   f i e l d s  of  view, the  trim pos i t i on  of the  horizon w a s  more 
nearly a t  the   cen te r  of t he   d i sp l ay .  

Test Procedures 

Two types   o f   t es t s  were  conducted i n  t h i s   s t u d y .   I n   t h e   f i r s t   t y p e ,   t h e   t e s t  
was s t a r t e d   w i t h   t h e   a i r c r a f t   d i s p l a c e d  from the   des i r ed   pa th   bo th   ve r t i ca l ly  and 
l a t e r a l l y ,  and t h e   p i l o t  had t o  maneuver t h e   a i r c r a f t   o n t o   t h e   d e s i r e d   p a t h .  The 
command path w a s  s t r a igh t   and   l eve l .  The i n i t i a l   e r r o r s  were s i zed  so t h a t   t h e  box 
always appeared i n   t h e   u p p e r   r i g h t   c o r n e r  of the   d i sp lay ,   wi th   the   except ion   tha t   the  
v e r t i c a l   e r r o r  w a s  never   larger   than 184 m (600 f t )  . Also, t h e   s i z e  of t h e  box  was 
changed  with  each  display  configuration so t h a t   t h e  box  always  subtended  the same 
s i z e  on t h e   d i s p l a y  when t h e   l a t e r a l   a n d   v e r t i c a l   e r r o r s  were zero. The box 
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dimensions were always i n   t h e  same ratio: Width = 2 X Height;  Length = 2 X Width. 
The i n i t i a l   e r r o r  and  box  width f o r  sample test  conf igura t ions  are g i v e n   i n   t h e  
fol lowing  table:  

Configuration 

3 
7 
9 
10 
1 1  
12 
13 
14 

FOV , 
deg 

*30 
f30 
*5 
5 

f30 
*45 
+30 
+30 

I Box width 
D i s  t. 

m 

92 

31 2.0  91 5 
187.0 386 
124.0 386 
62.3 386 
20.7 386 
62.3 184 
31.2 

61 00 2080.0 

f t  

102 
204 
68 
204 
407 
61 4 
1020 
68 24 

T I n i t i a l  la teral  
e r r o r  

m 

47 
95 
32 
95 
170 
286 
475 
31 80 

31 2 

938 
1 560 
10 433 

I n i t i a l   v e r t i c a l  
e r r o r  

m f t  

35 115 
69 2 26 
23 75 
69 226 
139 456 
184 603 
184 603 
184 604 

~- 

" 

In   addi t ion  to   these  unique  parameters   for   each case, a change was  made i n   t h e  s e n s i -  
t i v i t y  of t h e   l a t e r a l  and v e r t i c a l   s t r i p   c h a r t s   t h a t  were  obtained i n  each test. 
This method of recording  s t r ip-chart   data   emphasizes   the  pi lot-aircraf t -display  sys-  
tem stabi l i ty ,   ra ther   than  performance.  

I n   a d d i t i o n   t o   t h e   r e c o r d e d   s t r i p   c h a r t s ,   t h e   s u b j e c t s  were a l so   asked   to   rank  
the  configurat ion by assigning a ranking  of 1 for   the  best   configurat ion  and  of  7 f o r  
the  worst .  The sub jec t s  were shwn  conf igura t ion  10 f o r   t h e i r   f i r s t  tes t  and  were 
to ld  t o  give a ranking  of 4 for   conf igura t ion  10. Then, they  should  rank a l l  o the r  
c o n f i g u r a t i o n s   r e l a t i v e   t o   t h i s   f i r s t   t e s t .  The other   configurat ions  were  then pre- 
s e n t e d   t o   t h e   s u b j e c t s   i n  random order ,   wi th   repeat   tes ts   being  conducted  for  some 
configurat ions.  

Since  the  task  performed  in   this   s tudy was rather   s imple  (s tep  correct ions) ,   and 
s ince  the  purpose of ge t t ing   t he   sub jec t s   t o   g ive   r ank ings  was s o l e l y   t o   o b t a i n   r e l a -  
t ive  rankings,  no attempt was made t o   u s e   t h e  Cooper-Harper  pilot-ranking  scale. The 
rankings  obtained i n  th i s   s tudy   should   no t   be   in te rpre ted   as   be ing  Cooper-Harper 
ra t ings .  

The sub jec t s  were asked t o   u s e   t h e  box  symbol a s  a t a r g e t  when c o r r e c t i n g   e r r o r s  
and t o  set  t h e i r   f u l l   a t t e n t i o n  on keeping  the  errors   small .   In   order   of   pr ior i t ies ,  
they  were  asked (1 ) t o  keep   t he   ve r t i ca l   e r ro r  small, (2) t o   k e e p   t h e   l a t e r a l   e r r o r s  
small,  and (3) t o  keep  the  airspeed a t  85 knots. The sub jec t s  were  asked t o   t r e a t  
t he   t a sk   a s  though prec ise   pos i t ion ing  of t h e   a i r c r a f t  was requi red ,   tha t  is ,  t o  
think of t he   t a sk   a s  a landing-approach  task. 

Following  these tests w i t h   i n i t i a l   e r r o r s ,   t h e   s u b j e c t s  were given a second 
s e r i e s  of tests i n  which t h e   a i r c r a f t  w a s  s t a r t e d  on the  desired  path  and  the  sub- 
j e c t s  had t o  k e e p   t h e   a i r c r a f t  on t h i s   p a t h   i n . t h e   p r e s e n c e  of  crosswinds  and  gusts. 
Again, the  configurat ions were p resen ted   i n  a random order.  Standard  deviations  and 
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means of t h e  l a t e ra l  and v e r t i c a l   e r r o r s  were o b t a i n e d   i n   t h e s e  tests. The subjects 
were not   asked  for   rankings of the   d i sp l ay   conf igu ra t ions  when the   gus t   i npu t s  w e r e  
used. 

Wind Inputs  

I n   t h e  tests i n  which  wind i n p u t s  were used as forc ing   func t ions ,   these   inputs  
cons is ted  of a steady  crosswind  with a magnitude  of 2.4 knots  and a random input   used  
t o   r e p r e s e n t   g u s t s  which w a s  based on  the Dryden  model. ( See r e f .  6.) lhree gust 
inpu t s  u v and wg were generated by using  randownumber  generators  and  f i l-  
ters based  on  the Dryden g u s t  model. 'Ihe f i l t e r   a l g o r i t h m s  were 

g' gr  

G ( s )  = uU 1 
U V 

s + -  
LU 

1 v  

1 v  

The scale lengths  were 

L = L  = h  
U V 

( f o r  h > 533 m (1750  ft) 

L = Lv = 44h 1 /3 
U 

( f o r  h < 533 m (1750 f t )  

The gust   ampli tudes were ad jus ted  so  t h a t   t h e  root-mean-square  value was 2.4 knots  a t  
a n   a l t i t u d e   o f  533 m. The  mean value of t h e  gusts w a s  zero.  

Subjects  

Seven s u b j e c t s   t o o k   p a r t   i n   t h e  tests, and a l l  were instrument   ra ted.  Four 
suh jec t s ,  who were engineers  employed a t  t h e  Langley  Research  Center,  flew  on  an 
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occas iona l   bas i s .  mree sub jec t s ,  who were experienced NASA tes t  pi lots ,  flew a l l  
t ypes   o f   a i r c ra f t   on  a regular basis. The age  and  accumulated f l i g h t   h o u r s   o f   t h e  
s u b j e c t s  are l i s t e d   i n   t h e   f o l l o w i n g  table: 

Subject Age 
- 
46 
27 
33 
37 
41 
47 
5 4  
- 

F l i g h t  
hours Experience 

400 Very l i t t l e  IFR time; n o   f l i g h t - d i r e c t o r  time 
1600 

No f l i g h t - d i r e c t o r   f l i g h t  time; 1 5 0  hr   i n   s imu la to r s  2600 
300 h r   f l i g h t - d i r e c t o r  time 1600 
Convent ional   inst ruments   only;   no  f l ight-director  time 

;Zo"o" 1 Extensive  experience 7300 

Pilot-Model  Analysis  Procedures 

A servomechanism,  multiloop p i l o t  model w a s  used t o   p r o v i d e  time h i s t o r i e s   t h a t  
would  match t h e  time h i s to r i e s   ob ta ined  from t h e   s u b j e c t s .  These procedures were 
a l s o   u s e d   i n   r e f e r e n c e s  1 and 2. This model  matching  determines  the  gains  that   the 
p i l o t  used i n   h i s   r e s p o n s e   t o   t h e   d i s p l a y .  The v a r i a t i o n s   i n   p i l o t   g a i n s   w i t h  d is -  
play  configurations  provide a v e r y   u s e f u l   i n s i g h t   i n t o  how t h e   p i l o t   u s e d   t h e   d i s -  
play.  This i n s i g h t  i s  further  enhanced by de te rmin ing   t he   l i nea r   p i lo t - a i r c ra f t -  
d i sp l ay   sys t em  cha rac t e r i s t i c s .  These sys t em  cha rac t e r i s t i c s  i l l u s t r a t e  t h e   e f f e c t  
of   the  pi lot   gains   on  the  complete   system. 

The time h i s t o r i e s  were obtained by u s i n g   t h e   p i l o t  model in   conjunct ion   wi th  
t h e   n o n l i n e a r   a i r c r a f t  model. Var ia t ions   in   sys tem  response  were obtained  mainly  by 
a d j u s t i n g   t h e   l i n e a r   g a i n s   i n   t h e   p i l o t  model. S o m e  limiters were a l s o   i n c l u d e d   i n  
t h e   p i l o t  model f o r  making fine-tuning  adjustments  in  the  system  response.  A remnant 
term w a s  a l s o   i n c l u d e d   i n   t h e   o u t p u t  of t h e   p i l o t  model, with  the  ampli tude  of   the 
remnant   adjusted  to  a su i tab le   va lue .  

Once the  time-history  matches  were  obtained,  the  pilot-model  gains  determined 
were used i n  a l i n e a r   v e r s i o n  of t h e   p i l o t  model ( l e a v i n g   o u t   t h e  limiters) i n  com- 
b ina t ion   wi th  a l i n e a r   v e r s i o n   o f   t h e   a i r c r a f t  model t o  de te rmine   ana ly t ica l ly   the  
l inear -sys tem  charac te r i s t ics .  

To i l l u s t r a t e   t h e  form  of t h e   p i l o t  model  and t h e   n a t u r e  of the   mul t i loop   p i lo t -  
a i r c ra f t   sys t em,  a block  diagram i s  p r e s e n t e d   i n   f i g u r e  3. This block  diagram shows 
t h e   p i l o t  model, i nc lud ing   t he  limiters t h a t  were p u t  on the  pitch,   heading,  and 
bank-angle commands, i n  combination  with a l i n e a r i z e d   v e r s i o n  of t h e   a i r c r a f t .  By 
using  this   diagram, it can be s e e n   t h a t   t h e  servomechanism p i l o t  model hypothesizes 
tha t  t h e   p i l o t   o p e r a t e s   i n   t h e   f o l l o w i n g  manner.  For l a t e r a l  c o n t r o l ,   t h e  model 
hypo thes i zes   t ha t   t he   p i lo t   obse rves   t he   l a t e ra l -pos i t i on   e r ro r ,   mu l t ip l i e s   t he   e r ro r  
by a f a c t o r  Ky, and   a r r ives  a t  a des i red   va lue   for   heading   angle .  This sequence is  
assuned  because a given  heading  angle w i l l  r e s u l t  i n  a given rate of change i n  posi- 
t i on .  The p i l o t  may put   an  upper  limit o n   t h i s  commanded va lue  of heading  angle. H e  
then  compares   this   desired  value  for   heading  angle   with  the  actual   heading  of   the 
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a i r c r a f t .   I f  a d i f f e r e n c e   e x i s t s ,   t h e   p i l o t  w i l l  mu l t ip ly   t h i s   head ing   e r ro r  by a 
f a c t o r  K+ a n d   a r r i v e   a t  a des i red   va lue   for   bank   angle .  He does   t h i s   because  a 
given  bank  angle w i l l  r e s u l t   i n  a given ra te  of change i n  heading  angle.  % e  com- 
manded bank angle  i s  compared wi th   t he   ac tua l  bank a n g l e   o f   t h e   a i r c r a f t   a n d ,   i f  a 
d i f f e r e n c e   e x i s t s ,   t h e ' e r r o r  is  mul t ip l ied  by a f a c t o r  KO t o   c r e a t e  a des i red  con- 
t r o l   d e f l e c t i o n .  The p i l o t   t h e n  moves t h e   c o n t r o l   t o  match t h e  commanded con t ro l  
value. A second-order  lag i s  i n v o l v e d   i n  making t h i s   c o n t r o l  movement. A similar 
system i s  used t o  c o n t r o l   v e r t i c a l   p o s i t i o n .  

I n  a mul t i l oop   sys t em  such   a s   t he   a fo remen t ioned ,   t he   sys t em- response   s t ab i l i t y  
c h a r a c t e r i s t i c s  are very  much dependent   on   the   ra t ios   o f   the   loop   ga ins .  To i l l u s -  
t ra te  t h i s   i n t e r a c t i o n ,   c o n s i d e r   t h e   r e s u l t s   p r e s e n t e d   f o r   l a t e r a l   c o n t r o l  i n  t h e  
fol lowing  table:  

0.0033 
.0033 
.0066 
.0066 
.0098 
.0098 

- .- ~ ~- 

K 
J, 

~ 

1 
1 
1 
1 
1 .5  
2 
" 

I 

I Sys tem s t a b i  li t y  

-0.1 
- .2 
- .2 
- .4 
- .4 
- .6 

Un s t a b  le  
Stab le  
Un s t a b   l e  
Stable  
[Jnstable 
Stab l e  

These  resul ts  were obtained by u s i n g   t h e   l i n e a r   p i l o t  model i n  combination  with  the 
non l inea r   a i r c ra f t  model. The pilot-model  gains used f a l l   w i t h i n   t h e  normal  range 
fo r   p i lo t s   u s ing   i n s t rumen t s .  It can be seen  that   the  system  changes from s t a b l e  t o  
unstable,  depending  on  the  combination of the  gains .  The system s t a b i l i t y  is  not  
determined by any  one  gain  alone. 

It i s  a l so   i n s t ruc t ive   t o   cons ide r   t he   changes  i n  system-response  characteris- 
t i c s   t h a t   o c c u r  as the  system  loops are c losed   success ive ly .   Typica l   resu l t s   a re  
p r e s e n t e d   i n   t h e   f o l l m i n g   t a b l e .  These r e s u l t s  were  obtained by us ing   t he   l i nea r  
p i l o t  model i n  combination  with a l i nea r   ve r s ion  of t h e   a i r c r a f t  model. These l i n e a r  
systems,  both  vertical   and lateral, are presented  in   the  appendix.  

With  no control   loops  c losed,   the   system-response  character is t ics   are   those o f  
t h e   b a s i c   a i r c r a f t .  For l a t e r a l   c o n t r o l ,  when the  bank-angle  loop i s  closed, a con- 
t r o l  mode i s  in t roduced   t ha t  is  der ived from the   second-order   l ag   inc luded   in   the  
p i l o t  model,  and t h e  roll  and s p i r a l   a i r c r a f t  modes a r e  moved t o  form a n   o s c i l l a t o r y  
mode of  motion t h a t  is  well-damped.' When the  heading  loop i s  closed,  a f i r s t - o r d e r  
heading mode i s  created,   and  the new o s c i l l a t o r y  mode i s  reduced i n  damping and 
frequency. When the  la teral-displacement   loop i s  c losed ,  a f i rs t -order   displacement  
mode i s  created  and  the new o s c i l l a t o r y  mode i s  reduced   even   fur ther   in  damping. 
"his o s c i l l a t o r y  mode of  motion i s  the  dominant mode of the  complete  system  response, 
and   t he   r educ t ion   i n  damping t h a t   o c c u r s  when the  la teral-displacement   loop is closed 
is  a poten t ia l   source   o f   d i f f icu l ty .  For v e r t i c a l   c o n t r o l ,  when the   p i t ch   and  
ver t ical-displacement   loops  are  closed, a new o s c i l l a t o r y  mode of  motion i s  crea ted  
which has  low damping  and i s  a poten t ia l   source   o f   d i f f icu l ty .  
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Lateral l inear   system 

P i  l o t  -mode 1 Closed-loop  system  character is t ics  ga ins  

- 

'I T Control mod€ Dutch rol l  
mode 

Roll, spiral ,   heading,  and la teral  modes 

%R , 
rad/s  ec 

%, 
rad/s  ec 

6.85 

6.75 

6.70 

CC CDR 
- 
0 

0 

1.5 

1.5 

0 

0 

0 

.0082 

1.95 

2.10 

2.1 1 

2.19 

3.2oc 

.1 9 

.1 7 

.1 6 

= -4.94 sec-' ; AS = -0.023 sec-' ; 
A+ = 0 ;  ? y o  

w = 1 .22 rad/sec;  C = 0.87; h = 0;  
(4 h = o  Y 

w = 0.58 rad/sec;  C = 0.66; 
A - 1.49 sec-1; hy = o 

w = 0.41 rad/sec;  C = 0.14; 

(4- 

h+ = 1.27 sec"; hy = -0.87 sec" 

0 

- .5 

- .5 

- .5 

0.94 

.9 5 

.9 5 

Closed-loop  system  character is t ics  I Pilot-model 
ga ins  

rad/m 
- Kh 

0 

- .2 .0098 
- .2 0 
0 

Control  mode Short   period I 
Pi t ch   and   a l t i t ude  modes 

rad/s  ec  rad/s  ec 
. .~ .  ~~ .~~ ~- 

2-01 he = O ;  hh = 0.555 
5.16 = -1.52 sec- ; Ah = 0 .475  1.95 0.99 1 

5.19 = 0.256 rad/sec; ch = 0.1 8 .48 1 .97 .99 

The l a t e r a l -  and  vertical-displacement  outer-loop  gains  are  closely  related 
t o   t h e   d i s t a n c e   t o   t h e  box. For example, i n   t h e   c a s e   o f   l a t e r a l   c o n t r o l  when 
K~ = 0.0082  rad/m, i f   t h e   a i r c r a f t  were  10 m t o   t h e   s i d e   o f   t h e   d e s i r e d   p a t h ,  a 
heading  angle of 0.082 rad would be commanded. I f   t h e   a i r c r a f t  were a t   t h i s  heading 
angle ,   the   cen ter l ine   ex tended  from t h e   a i r c r a f t  would i n t e r s e c t   t h e   d e s i r e d   p a t h  
1 2 2  m i n   f r o n t  of t h e   a i r c r a f t .   I f   t h e  box  were  located 1 2 2  m i n   f r o n t  of t he  air- 
c r a f t ,  and t h e   p i l o t   t r i e d   t o  p o i n t  a t   t h e  box,  he would he  using  an  outer-loop  gain 
of  0.0082 rad/m. 'Ihe d i s t a n c e   t o   t h e  box, therefore ,   has  a s t rong   in f luence  on the  
o u t e r - l o o p   g a i n   t h a t   t h e   p i l o t  uses .  There i s  no   s imi la r   geometr ic   re la t ionship   for  
K+ and K@; huwever, they  can  be  influenced by t h e   s e n s i t i v i t y  of the   d i sp lay .  As 
was explained  before ,   the   f ie ld   of  view s e l e c t e d   d i r e c t l y   a f f e c t s   t h e   h e a d i n g   s e n s i -  
t i v i t y  of the   d i sp lay .  As f a r   a s  bank angle  i s  conce rned ,   t he   des i r e   t o  show a t r u e  
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p i c t u r e  of  bank angle  sets t h e   s e n s i t i v i t y  of the  bank-angle  display.  For v e r t i c a l  
c o n t r o l ,   t h e   d i s t a n c e   t o   t h e  box s t rongly   in f luences   the   ou ter - loop   ver t ica l   ga in  
Khr a n d   t h e   f i e l d  of  view sets t h e   s e n s i t i v i t y  of t he   p i t ch   d i sp l ay .  

A remnant term i s  a l s o   i n c l u d e d   i n   t h e   p i l o t  model t o   r ep resen t   t he   no i sy   pa r t  
of t h e   p i l o t ' s   o u t p u t .  This remnant i s  formed  with  the  use  of a random-number 
generator  and a second-order f i l t e r   t h a t  i s  t h e  same as t h e   s e c o n d - o r d e r   f i l t e r   i n  
t h e   p i l o t  model. This remnant  term i s  used when matching  the  t ime  his tor ies   obtained 
from the   sub jec t s .  

To ob ta in   t he  time h i s t o r i e s   t h a t  are shown l a t e r ,  it w a s  necessary t o  provide 
some a i r speed   cont ro l .  The requi red   cont ro l  was provided by the  experimenter by 
using a s imple   swi tch   tha t   changed   the   th rus t   coef f ic ien t .  This simple  control  
suf f iced   for   the   purposes  of t he   p re sen t   i nves t iga t ion .  

RESULTS AND D I S C U S S I O N  

P i l o t  Rankings 

Each subject  gave a r ank ing   fo r   t he   d i f f e ren t   d i sp l ay   conf igu ra t ions   a t   t he  
conclusion  of  each tes t  w i t h   i n i t i a l   e r r o r s .  These rankings  are   presented i n  
t a b l e  I .  Certain  configurat ions  were  given  repeated  tes ts ,   and  the  repeated  rankings 
a r e   g i v e n   i n   t h e s e   t e s t s .  The rank  ordering of the  configurat ions by each  subject  i s  
presented i n  t a b l e  11. 

The rankings  for   configurat ions 1 t o  13 were given  with  the  assumption  that   the 
task  w a s  a landing  approach.  Configuration 14,  which  involved a large  incremental  
change i n  d i s t a n c e   t o   t h e  box, was ranked by  some of the   subjec ts   wi th   the   qua l i f ica-  
t i on   t ha t   t he   r ank ing  was for   an  en  route   navigat ion  task.  

The repeated  rankings  were,   for  the most pa r t ,   cons i s t en t .   ?he   l a rges t   d i f f e r -  
ences i n  repeated  rankings  for  any  one  configuration was 3 ,  which  occurred i n   t h r e e  
t e s t s .   I n   t he   o the r  25 tests with  repeated  rankings,   the   differences  were  less  
than 3. 

The rank  orderings of the  rankings show the   c l ea r   p re fe rence  of t h e   s u b j e c t s   f o r  
the  longer   dis tances  (368 and 915 m )  t o   t h e  box, which a r e   n e a r   t h e   t o p  of t he  l i s t  
f o r  most subjec ts .  'Ihe sho r t e r   d i s t ances  ( 9 2  and 184 m )  a r e   p l aced  n e a r  the  bottom 
of the  list.  The rank   order ings   a l so  show t h e   c l e a r   p r e f e r e n c e   f o r   t h e  f30° f i e l d  of 
view,  which a r e   p l a c e d   a t   t h e   t o p  of t he  list. 'Ihe narrcw f i e l d  of  view ( + S o )  occu- 
pies  the  bottom  posit ion,   thus  showing a s t r o n g   d i s l i k e   f o r   t h e s e   c o n f i g u r a t i o n s  by 
t h e   p i l o t s .  The f45O and fl5O f i e l d s  of  view  occupy the  middle  rankings,   with  the 
preference   go ing   to   the  *45O test. 

Configuration 14 must  be  considered a special   case,   and t w o  subjec ts   ind ica ted  
tha t   t hey   d id   cons ide r  it s p e c i a l  by giving i t  a good r ank ing   w i th   t he   qua l i f i ca t ion  
t h a t   t h e  good ranking   appl ied   on ly   for  a n  en   rou te   t a sk ,   no t   fo r  a landing-approach 
task.   Subject 5 gave a poor   ranking  for   configurat ion 14 wi th   t he   spec i f i ca t ion  
tha t   t he   poor   r ank ing   app l i ed   fo r   bo th   an  e n  route   task  and a landing  approach. His 
ob jec t ion   t o   g iv ing  a good ranking   for   an   en   rou te   t ask  w a s  t h a t   h e  wanted a wider 
f i e l d  of  view. %e o the r   fou r   sub jec t s  gave  poor  rankings  for  configuration 14 with 
no qual i f icat ion  whatsoever .  
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Posi t ion   Er rors  

The standard  deviat ions  and means of t h e   v e r t i c a l   a n d   l a t e r a l   e r r o r s ,  measured 
d u r i n g   r u n s   i n  which gusts and  crosswinds were a p p l i e d   t o   t h e   a i r c r a f t ,  are shown i n  
t a b l e s  111 through V I .  Sample t ime  h i s tor ies   ob ta ined   wi th   subjec t  1 are shown i n  
f i g u r e  4. The rank ordering of t h e   a v e r a g e s   f o r   a l l   s u b j e c t s   f o r   e a c h   v a r i a b l e   o f  
each  configuration are shown i n   t a b l e  V I I .  No values are given  for   configurat ion 1 
because  only two sub jec t s  were a b l e   t o   k e e p   t h e  box  symbol i n  view i n   t h e s e  tests. 
However, t h e   i n d i v i d u a l   s c o r e s   f o r   t h e s e  two sub jec t s  are g i v e n   i n   t a b l e s  I11 
through V I .  

The rank ordering  of  the  configurations show tha t   t he   bes t   ( l owes t )   s t anda rd  
d e v i a t i o n s   a r e   o b t a i n e d   w i t h   t h e   s h o r t e s t   d i s t a n c e s   t o   t h e  box  and the  smallest 
f i e l d s  of  view. The bottom  of  the  rank-ordering l i s t  i s  f i l l e d   w i t h   t h e   l o n g e s t  
d i s t ances   and   l a rges t   f i e lds  of  view. These r e s u l t s   a r e   a l m o s t   d i r e c t l y  opposed t o  
the   p i lo t - ranking  results. Therefore, a des ign   fo r   an   ope ra t ing  system us ing   the  box 
d i sp lay  w i l l  r equ i r e  some compromise wi th   regard   to   p i lo t   p reference   and   per formance ,  
with  required  performance  being  introduced  as  an  important  factor.  

The  two cases  where the   p i lo t   r ank ings   d id   co r re l a t e   w i th   pe r fo rmance   a r e   t he  
two extreme  configurations ( 1  and 1 4 ) .  Configuration 1 is  a c a s e   i n  which t h e   p i l o t -  
a i r c ra f t -d i sp l ay   sys t em damping i s  so c lose   t o   ze ro   t ha t   mos t   sub jec t s  were n o t   a b l e  
t o  keep  the box  symbol i n   t h e   f i e l d  of  view when gus t s  were a p p l i e d   t o   t h e   a i r c r a f t .  
Therefore, no scores .   a re   g iven   for   conf igura t ion  1 .  The assumption is  t h a t   t h e  con- 
f i g u r a t i o n  i s  unacceptable. It  should   a l so   be   po in ted   ou t   tha t   subjec t  4 was not  
ab le   t o   keep   t he  box i n  view  with  configuration 5 .  However, t h e   o t h e r   s i x   s u b j e c t s  
were a b l e   t o  do so  and,  therefore,  an  average  score i s  g iven   for   conf igura t ion  5 .  
This average is f o r   t h e  s i x  sub jec t s  who were ab le   t o   u se   t he   conf igu ra t ion .  With 
configurat ion 14,  poor  performance was obtained .and  most sub jec t s  gave  poor  rankings. 
However, a s  was noted  before,  two subjects  gave good rankings  for  config-uration 14 
w i t h   t h e   q u a l i f i c a t i o n   t h a t  it be  considered  only  for   en  route   tasks .  

System-Response Charac t e r i s t i c s  

Time h i s to r i e s   ob ta ined  from f i v e   s u b j e c t s  of t h e i r   r e s p o n s e   t o   i n i t i a l   e r r o r s  
a r e  shown i n   f i g u r e s  5 through 9. Figures 5 and 6 show i n  de t a i l   t he   r e sponses  
obtained  f rom  subjects  1 and 5, r e spec t ive ly ,   fo r   con f igu ra t ions  5 through 8. cxlly 
l a t e r a l   a n d   v e r t i c a l   e r r o r s   a r e  shown i n  f i g u r e s  7 t o  9. m t a  f o r   f i v e   s u b j e c t s   a r e  
p r e s e n t e d   t o  shaw the  range  of  responses  obtained. 

Figures 5 through 10 can  be  used t o  judge   the   d i f fe ren t   conf igura t ions  from a 
servomechanism po in t  of  view.  ?hey show the  quickness   with which l a t e r a l  and  ver t i -  
ca l   e r rors   can   be   cor rec ted   and   a l so   the  damping  of the  system.  These  figures show 
t h a t  a desirable  combination of  system  frequency,  which  defines  the  quickness  of 
response,  and damping i s  cons is ten t ly   ob ta ined   wi th   the  &30° f i e l d  of  view.  With 
some subjects ,   the   response  obtained  with  the k15O f i e l d  of  view  appears to   be   be t -  
t e r ,   bu t   w i th   o the r   sub jec t s  i t  i s  not.  The response i s  always  slow  with  the f45O 
f i e l d  of  view  and, i n  many cases,  it i s  a l so   poor ly  damped.  The damping i s  always 
poor  with  the f5O f i e l d  of  view.  With r e g a r d   t o   d i s t a n c e   t o   t h e   b o x ,  it can  be  seen 
t h a t  slow, low-frequency  responses  are  obtained  with a l o n g   d i s t a n c e   t o   t h e  box  and 
t h a t  fas t ,  high-frequency  responses  are  obtained  with a s h o r t   d i s t a n c e   t o   t h e  box. 
The h ighes t   f r equenc ie s   a r e   ob ta ined   w i th   t he   sho r t e s t   d i s t ances  (xiB - xiA = 9 2  m 
(300 f t) 1. Frequencies as  h igh  a s  0.6 rad/sec  (a   per iod  of  10 sec )   can   be   s een .  
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Cer ta in   s e l ec t ed  cases were matched  by  using a servomechanism p i l o t  model. The 
t ime   h i s to r i e s   ob ta ined   w i th   t he  p i l o t  model a r e  shown i n   f i g u r e  10. The nonl inear  
a i r c r a f t  model t h a t  w a s  used i n   t h e   p i l o t e d   s i m u l a t i o n  w a s  used i n  conjunct ion  with 
t h e   p i l o t  model t o  o b t a i n   t h e s e  time h i s t o r i e s .  

The approx ima te   ga ins   t ha t   t he  pi lots  used   a re   de te rmined   by   the   p i lo t -  
model ana lys i s .  The d a t a  show tha t   t he   d i sp l acemen t   ga ins  % and Ky gener- 
a l l y   d e c r e a s e  as  t h e   d i s t a n c e   t o   t h e   b o x   i n c r e a s e s .  The g a i n  Kh var ies   f rom 
h igh   va lues   i n   t he   r ange  fr.om 0.01 6 t o  0.01 9 rad/m t o  low values  i n   t h e   r a n g e  from 
0.0098 t o  0.0066 rad/m; K var ies   f rom a high  value of 0.01 rad/m t o  a law value 
of 0.001 6 rad/m. Examining t h e  time h i s t o r i e s  shows tha t   a long   w i th   t hese   changes  
i n  ga in ,   t he  system responses  change  from a high  frequency t o  a slow, overdamped 
response. 

Y 

The d i s p l a y   s e n s i t i v i t y   f o r   h e a d i n g  3, and   p i t ch  8 change  with  f ie ld   of   view.  
'Ihe d i s p l a y   s e n s i t i v i t y  i s  h ighes t   w i th  a small f i e l d   o f  view  and lawest f o r  a l a r g e  
f i e l d   o f  view. The p i l o t m o d e l   g a i n s   f o r   h e a d i n g   a n d   p i t c h  K3, and %, respec- 
t i v e l y ,   a l s o  change   wi th   f ie ld   o f   v iew,   bu t   the   re la t ionship  1 s  n o t   l i n e a r .  The 
lowest   gains   occur  when t h e   f i e l d   o f   v i e w  i s  l a r g e s t  ( K e  = 0.2 and = 0.8 o r  
0.5). ' Ihese  gains   increase when t h e   f i e l d   o f  view i s  reduced t o  &30°PKe = 0.4 
and KG = 2.0). As t h e   f i e l d  of  view i s  reduced  even  fur ther  to *15O and +5O, t h e  
ga ins  Ke and Kb e i t h e r   r e m a i n   c o n s t a n t   o r   d r o p   o f f   s l i g h t l y .  

The d i s p l a y   s e n s i t i v i t y  of bank angle  i s  t h e  same for   each   d i sp lay   conf igura-  
t i o n .  The p i l o t   g a i n s   f o r  bank  angle  do  not  change  very much. The bank-angle  gain 
i s  t h e  same (K+ = -0.5) f o r   a l l   v a l u e s   o f   f i e l d   o f  view  examined  with  the  pilot-model 
analysis .  'Ihe  bank-angle  gain K+ d i d  vary some wi th   d i s t ance   t o   t he   box   (go ing  
from -0.7 t o  -0.4) , b u t  t hese   changes   a r e  less than   the   changes   no ted   for   the   o ther  
p i lo tmode l   ga ins .  The bank-angle  gains  measured i n   t h i s   s t u d y   a r e   g r e a t e r   t h a n  
those  measured i n  t e s t s   w i th   conven t iona l   d i sp l ays .   (See   r e f .  2.) In  re ference  2, 
K 4  var ied  from  -0.16 t o  -0.32. On t h e   o t h e r   h a n d ,   t h e   v a l u e s   n o t e d   f o r  K+ i n   t h i s  
s tudy   a r e  less than   those   ob ta ined  i n  s ing le- loop   cont ro l   t asks ,   where   l a rger   ga ins  
were  measured. (See r e f .  7.) 

Analy t ica l ly   de te rmined   sys tem-response   charac te r i s t ics   were   a l so   ob ta ined   and  
a r e   p r e s e n t e d   i n   t h e   f o l l o w i n g   t a b l e .  These l i n e a r s y s t e m   c h a r a c t e r i s t i c s  were 
obtained by us ing  a l i n e a r   p e r t u r b a t i o n  model  of t h e   a i r c r a f t   i n   c o m b i n a t i o n   w i t h   t h e  
l i n e a r   p i l o t  model. The r e s u l t i n g   s y s t e m s   a r e  a s i x t h - o r d e r   v e r t i c a l  system and a n  
e i g h t k o r d e r   l a t e r a l  system. 

These   ana ly t ica l ly   der ived  system c h a r a c t e r i s t i c s   c o n f i r m   t h e   s t a t e m e n t   t h a t  w a s  
made earlier i n   d i s c u s s i o n s   o n  time h i s t o r i e s .  For l a t e r a l   c o n t r o l ,   t h e   m t c h   r o l l  
mode i s  no t   a f f ec t ed   by   t he   c losu res   o f   t he   p i lo t   l oops .   ' I h i s  i s  t r u e  f o r   t h e  air- 
c r a f t   u s e d   i n   t h i s   s t u d y ,   b u t  i t  would n o t  be t rue   gene ra l ly .  The dominant   rol l -  
heading mode of  motion  has a high  frequency when t h e   s h o r t   d i s t a n c e   t o   t h e   b o x  i s  
used  (Configuration 3;  w = 0.47 rad/sec)  and a low  frequency when the   l ong   d i s t ance  
t o   t h e  box i s  used  (Configurat ion  13;  w = 0.28 rad /sec) .  As f a r  as  f i e l d   o f  view i s  
concerned,  very  good  system  frequency  and  damping i s  obtained when a f i e l d   o f  view  of 
+30° i s  used  (configurat ion 7; w = 0.48 rad/sec; r; = 0.33). When t h e   n a r r o w   f i e l d  
of  view i s  used, t h e  damping  of the   ro l l -heading  mode i s  law (conf igura t ion  5; 

= 0.1 2). When t h e  wide f i e l d   o f   v i e w  i s  used,  the  system  frequency is  low  and t h e  
damping does   no t   shm  any   no t i ceab le   i nc rease   ( conf igu ra t ion  8; w = 0.1 7 rad/sec; 

= 0.24). 
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L a t e r a l   l i n e a r   s y s t e m  
- 

D i s t .  

1 C l o s e d - l o o p - s y s t e m  
c h a r a c t e r i s t i c s  

P i l o t m o d e l  
g a i n s  

I 

m t c h  roll  
mode C o n t r o l  mod1 a n f i g u r a t i o  Roll, h e a d i n g ,   a n d  l a t e r a l  modes 

ra /m 
K 

@ 

r a d / s e  
*C 

r a d / s e (  
W ~ ~ f  

5 +5 184 0.0082 

.0082 

-0.: 

- c  ._ 

6.7  

6 .7  

0.9: 

.9E 

2 .09  

2.10 

0.17 

. l 7  

w = 0 . 4 9   r a d / s e c :  5 = 0 . 1 2 ;  
A+ = -1 .5  sec-l; h = -0.68 sec- 1 Y 

w = 0 . 4 1   r a d / s e c ;  5 = 0.14;  
h = - 1 . 3   s e c - l :  h = -0.87 sec-' rL Y 

6 t l 5  

" 

b3 0 

184 0.0033 -0.5 6 . 7  0.9E 2.10 0 .17  w = 0 . 3 7   r a d / s e c -  5 = 0 . 6 2 ;  
A+ = -1.4 sec-'; A = - 0 . 3 7   s e c - 1  

Y 
7 184 I .0066 

.0047 

-0.5 

-.5 

6 . 7  

6 . 7  

0.95 

.95  

2.10 

2 . 0 9  

0.17 

.17 

w = 0 . 4 8   r a d / s e c -  5 = 0.21; 
A = -1 .5  sec-'; A = -0 .56  sec-' 4J Y 

w = 0 . 4 8   r a d / s e c -  6 = 0 . 3 3 ;  
= -1.7 sec-'; = - 0 . 4 1   s e c - 1  

Y 
8 i45 184 I .0049 

.0033 

-0.5 

- . 5  

6 . 7  

6 . 7  

0.95 

.96 

2.12 

2.01 

0 . 1 8  

.10 

Y = 0 . 1 7   r a d / s e c ;  5 = 0.24;  
w = 1 . 1 5   r a d / s e c ;  5 = 0.91  

r) = 0 . 1 9   r a d / s e c ;  5 = 0 . 4 5 ;  
w = 1 . 0 4   r a d / s e c ;  5 = 0 . 9 4  

3 :3 0 92 1.0115 

.0082 

-0 .7  

- .7 

6 . 9  

6 .9  

0 .95  

.95  

2 .19  

2 .18  

0 . 1 5  

. 1 5  

r) = 0 . 4 7   r a d / s e c ;  5 = 0.13;  
w = 1 . 1 9   r a d / s e c ;  5 = 0.78  

r) = 0 . 4 2   r a d / s e c ;  5 = 0 . 2 7 ;  
w = 1 . 1 8   r a d / s e c ;  5 = 0 . 7 4  

1 1  :3 0 386 I .0049 -0.4 6 . 6  0.95 2.07 0 .19  J = 0.26  rad/sec. 5 = 0.26;  
A+ = - 1 . 7  sec-i; hy  = -0.54 sec-l 

1 3  :3 0 9 1 4  I .00164 -0 .4  6 . 6  3.95 2 .07  0 .19  
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2onf igura t ior  

5 

_ _ _ _ .  . 

6 

8 

3 

1 1  

13 

ltl 5 .  I ."l-8.4 i 

? 
E f45 184 

f30 I 386 
f30 I 91~4 

Vert ical   l inear   system 

Pilot-model 
ga ins  

rad/m Ke Kh I 

I 

I . .  I 0.0066 -0.2 

0 -01 64 -0.32 
-01 64 "24 
I 
0.0098  1-0.4 

I I 0.0098  -0.32 

Closed-loop-sys tem 
c h a r a c t e r i s   t i c s  

5.3 
5.2 

5.5 
5.4 

5.3 

5.3 

5.2 
5.3 

.~ 

0.98 1 .96 0.41 
.99 1.97 .48 

0.97 1 .97 0.37 
.98 1.96 .4 3 

0.98 1 .95  0.41 

0.97  1.97  0.48 

0.98 1 .97 0.48 
.98 1.97 .4 5 

5.3  10.98 I 1 .95  10.41 

5.3 10.98 I 1.96  10.44 

T i  P i  tch-al t i   tude 

0.59  0.1 2 
.65  .065 

0.35 0.27 

0.21 0.27 

0.35 0.09 
.4 1 .I 1 

0.35 0.27 

0.32 0.24 
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For vertical  control ,   the   short-per iod mode is  no t   a f f ec t ed  by the   p i lo t - loop  
closures. The p i t ch -a l t i t ude  mode is  a f f e c t e d ,   b u t   t o  a much smaller   degree  than  the 
la teral  responses. Very  good frequency  and  damping are obtained  with  the  middle 
d i s t a n c e s   t o   t h e  box  and the  *30° f i e l d  of  view (configurat ion 7 ;  w = 0.35 rad/sec; 

low damping (conf igura t ion  3; w = 0.35 rad/sec; C = 0.09). 
= 0.27). When t h e   s h o r t   d i s t a n c e  t o  the  box i s  used,   the   pi tch-al t i tude mode has 

In   the  context   of   this   experiment ,  which  does  not  involve a f u l l ,  realist ic 
task ,   the   p i lo t   rankings  express the   sub jec t   p i lo t s '   f ee l ings   abou t   t he  dynamic- 
response  character is t ics   of   the   pi lot-aircraf t -display  system. When the  rankings 
show a preference   for   conf igura t ions  11 and  13, t he  pi lots  are   saying  that   they  pre-  
fer   the   moderately  s low,  well-damped response  obtained  with  these  configurations.  
The p i l o t s   a r e   a b l e   t o   u s e   t h e s e   c o n f i g u r a t i o n s   t o   a r r i v e   a t  system g a i n s   t h a t  r e s u l t  
i n   t hese   des i r ab le   r e sponse   cha rac t e r i s t i c s .  However, t he  system g a i n s   a r e   a l s o  
influenced by t h e   d i s p l a y   s e n s i t i v i t i e s .  Thus,  with  configuration 14, the  very  great  
d i s t a n c e   t o   t h e  box and  the  resul t ing  extremely  s low  system  response  are   dis l iked.  
Also, wi th   sho r t   d i s t ances   t o   t he  box  and the  result ing  high  system  frequencies,   poor 
subject   rankings  are   obtained.  As f a r  as f i e l d  of  view is  concerned,  the  system 
damping r a t i o s   i n   t h e   r a n g e  from 0.2 t o  0.3 obta ined   wi th   the   f30°   f ie ld  of view a r e  
the  preferred  values .  The heavi ly  damped responses   obtained  with  the  very  great  
d i s t a n c e   t o   t h e  box  and the  lower damping ratios  obtained  with  the  narrcw  and wide 
f i e l d s  of  view are   no t   p refer red .  

System  performance i s  a lso   c lose ly   re la ted   to   the   sys tem-response   charac te r i s -  
t i c s .  The quickest   error   correct ions  are   obtained  with  the  high-frequency  systems,  
and  the  lowest  standard  deviations are obtained  with  the  high-frequency  systems as 
long  as   the damping ra t ios   a re   h igher   than   approximate ly  0 . I .  For f l i g h t   t a s k s   t h a t  
require   accurate   posi t ioning  of   the  a i rcraf t ,   such  as   landing  approaches,   d isplay 
configurations  with  f ields  of  view i n  the  range from f15O to   f30°   and   d i s t ances   i n  
the  range from 100 t o  400 m would have t o  be  considered. 

For en   rou te   cont ro l   t asks ,   accura te   pos i t ion ing   of   the   a i rc raf t  i s  n o t  
required;   but   ease i n  f ind ing   the  box, i f  it is  n o t   i n   t h e   f i e l d   o f  view,  and  keeping 
the  box i n  view a r e  more important. Wide f i e l d s  of  view  and  long  distances  to  the 
box  enhance  these  factors.  Therefore, a f i e l d  of  view  of f45O and a d i s t a n c e   t o   t h e  
box  from  1000 t o  6000 m should  be  considered. 

The total   outer- loop  displacement   gains  of the  system  are  a func t ion  of a i r -  
c r a f t   ve loc i ty .   Tha t  is, the   e f fec t ive   ou ter - loop   ver t ica l   and   la te ra l   ga ins  are 
KhV and K V. The ve loc i ty   used   in   the   p resent  tests w a s  85 knots,  which was the  
approach  speed  of  the  aircraft .  For tasks  undertaken a t   v e l o c i t i e s   o t h e r   t h a n  
85 knots,  it w i l l  be   necessary   to   cons ider   the   e f fec t   o f   th i s   change  i n  ve loc i ty  
and   ad jus t   the   d i s tance   to   the  box  accordingly. 

Y 

CONCLUDING REMARKS 

A simulator  study of the   use  of a p ic tor ia l   a i rc raf t -guidance   d i sp lay   has   been  
conducted. The s imulator  modeled a typical  four-place,   single-engine,   high-wing 
a i r c r a f t .  The p i l o t ' s   t a s k  was t o   r e g u l a t e   a i r c r a f t   p o s i t i o n s  and  keep  errors  as 
small as   poss ib le .  The disp lay   p resents  a drawing  of a three-dimensional  box  that  i s  
located on the  desired  path  and moves along  that   path  ahead  of   the  a i rcraf t .  The 
display  can  be  implemented  with  an  onboard  digital  computer, a cathode-ray-tube  dis- 
p lay   device ,   and   convent iona l   a i rc raf t   naviga t ion   and   a t t i tude   sensors .  The purpose 
of the   s tudy  was t o  examine t h e   e f f e c t  on the   p i lo t - a i r c ra f td i sp l ay   sys t em  r e sponse  
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of   varying  the  f ie ld   of  view  and d i s t ance  t o  t h e  box, both  of  which are design param- 
eters of t he   d i sp l ay .   P i lo t   r a t ings ,  system performance,  and  system-response  charac- 
teristics were determined. 

The p i lo t s   p refer red   the   d i sp lay   conf igura t ion   tha t   used   d i s tances  t o  t h e  box of 
368 m (1200 f t )  and  915 m (3000 f t )  and a f i e l d  of view of +30°. Shor te r   d i s tances  
resul ted  in   higher   system  f requencies   and  longer   dis tances   resul ted  in   lower  system 
frequencies,   both  of  which  the  pilots  preferred less. Fields  of view l a r g e r   o r  
smaller than f30° r e s u l t e d   i n  less system damping,  which t h e   p i l o t s   p r e f e r r e d  less. 

The best performance,  both in   t he   s ense   o f   qu ickness  of e r ro r   co r rec t ion   and  
lower s tandard   devia t ions  of lateral- and   ve r t i ca l -pos i t i on   e r ro r s ,  was obtained  with 
a s h o r t   d i s t a n c e   t o   t h e  box  of 9 2  m (300 f t )  and a f i e l d  of  view  of *I 5O. With a 
n a r r m e r   f i e l d  of  view  of  f5O, the  system damping  was so  low that  performance was 
adversely  affected.  Longer d i s t a n c e s   t o   t h e  box r e s u l t e d   i n  lower system frequen- 
c i e s ,  slow  system  response,  and  large  errors. 

A s  is  the  case  with  other   display  concepts ,  compromises  based  on p i l o t   p r e f e r -  
ence, work load,  and  system  performance must be made i n  se lec t ing   the   parameters  of 
the  display.  A thorough  understanding  of  the  effects of the  design  parameters  of 
the   d i sp lay  is, therefore ,   required.  The results of t h i s   s imu la to r   s tudy   con t r ibu te  
toward  the  required  understanding  of  the  pictorial   display  for  general   aviation  type 
a i r c r a f t .  

Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton, VA 23665 
November 2, 1983 
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APPENDIX 

LINEARIZED PILOT-AIRCRAFT-DISPLAY EQUATIONS 

The fo l lowing   l inear ized  la teral  and v e r t i c a l  sets of equat ions were used t o  
de te rmine   t he   cha rac t e r i s t i c s  of the   p i lo t -a i rc raf t -d isp lay   sys tem:  

For lateral  response, 

8 = -0.2298 + 0.0065r - 0 .0162~  + 0.2254 - r 

p = -6.958 + 1 . l o r  - 4 . 8 2 ~  - 8.536, 

r = 2.858 - 0.725r - 0 . 4 3 6 ~  + 0.216Sa 

6'  = -256, - 106; + 25K 4 + 25K K (I, + 25K K K y a 4 Q J ,  4 ( I , Y  

Y = v(I, 

For ver t ica l   response ,  

a = -1.03a + q 

q = -1.21q - 2.82a - 3.056, 

e = q  

6' = -256, - 106; + 25Ke0 + 25K05h e 

h = V(0 - a) 

20 
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TABLE 1.- PILOT RANKING 

I I Pi lo t   r ank ing   fo r   con f igu ra t ion  - 

2.5 2 

I Distance t o  box I 
Configuration Number 

Field of view - 

1  200 
915  3 000  

6100 20 0 0 0  

2150 

9 10 

+4 50 

11  12 
13 

14 1 
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TABLE 11.- RANK ORDERING OF CONFIGURATIONS BY EACH SUBJECT 

.. . . ~- 

Subject 

". - ~ . .. 

1 
2 
3 
4 
5 
6 
7 

. .  -. . 

Rank order ing  of conf igura t ion  

Be s t  b Worst 
, "~ ~ " _ ~  ~~ 

" 

8 
1 1  
13 
14 
8 

13 
11 

~ 

4 
13 
12 
13 
11 
11 
6 
.~ 

-~ 

7 12 
6 3  
7 8  

11 8 
12 2 
12  10 
7 13 
. 

14 
9 5 

14 5 
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TABLE 111.- LATERAL STANDARD DEVIATION 

L a t e r a l   s t a n d a r d   d e v i a t i o n ,  m, f o r   c o n f i g u r a t i o n  - 
12 

7.95 

~ .. - 

~- .. ~ 

11.08 

.-. - 
12.3 

10.10 

- 

6.57 

8.53 

-~ - 

8 -66 

- ~. 

9.31 
" - 

Subject  

1 

2 

3 

4 

5 

6 

7 

Average . . . 

- 
4 
- 
6.10 

- 
6.45 

~ 

9 .o 

- 
4 -64 

- 
7.75 

~ 

8.07 

- 
7 -40 

- 

7 -06 
~ 

13 
. .  

-~ 

16.56 

~ 

13.72 

. 

15.3 

25.10 

~~. 

10.26 

~ 

10.22 

12.00 

- 

14.74 

. ". . 

10 

12.34 
20.69 
" 

6.93 

14.1 

20.08 

5 -89 

~ 

4.96 
9.25 

.. = - - 

8.42 

~~ . 

11.40 
" 

1 2 11 

9.18 
8.33 

6.37 
8.00 
-~ 

8.70 
5.17 

10  -65 
7.72 

~~ " " 

4.31 
6.70 

4.68 
7.00 

5.79 
11.20 
. .. 

7.41 
-~ .~ 

14 

48.3 1 

.~ 

45.33 

. .  

15.1 

50.64 

" . 

16.08 

- - 
21.56 

11.85 
. -~ 

29.84 

7 3 

3.38 
5.24 

5.99 
4.36 

11.6 
4.65 

6.60 

3.58 

10.75 

9.88 
6.45 

6 -59 

7 -22 

- 

5.68 

12  -43 

5.82 
6.28 

"- ~. 

6.40 
5.09 

~ 

3.83 8.15 

3 -42 

- 
3 -78 

5.89 
I I 

5.35 

6-84  

-"F+F 7.43  6.02  6.86  9.33  8.59 5.78 
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TABLE 111.- Concluded 

(b) A l l  v a l u e s   a r e   g i v e n   i n  U .S. Customary  Units 

L a t e r a l   s t a n d a r d   d e v i a t i o n ,   f t ,   f o r   c o n f i g u r a t i o n  - I 
Subject  

1 

~~ 

2 

3 

~~ 

4 

5 

6 

" .  . 

7 

Average . . . 
~ 

2 3 4 5 8 9 10 12 1 1  

40.5 
67.6 

26.1 30.1 
27.3 

22.7 36.3  20.9 
26.2 

46.3  40.4  28.5 
17.0 

65.9  33.1  34.9 
25.3 

19.3 
22.0 

21.6 14.1 

16.3 
23.0  30.3 

28.0  15.4 

27.6 
36.7 

28.4  19.0 

37.4  30.5  24.3 

13 14 

54.3 158.5 

45.0 148.7 

50.2 49.5 

32.4  166.1 

33.7 52.8 

33.5 70.7 

39.4  38.9 

48.4 97.9 

23.7 11.1 
17.2 

20.0 28.9 13.9 41.6 
30. E 
~ 

24.7 

~ 

24.7 

~ 

37.9 

~ 

16.4 

~ 

25.3 

~ 

24.1 

~ 

23.8  40.8 

18.6 19.7 
14.3 

21.1 12.3 20.9 19.1 
120.6 

26.1 

I 

26.7 38.1 
15.3 

29.5 43.6 
20.4 

21.5  21.0 
116.7 

31.9 

11.2 21.7 15.2 14.1 20.9 
129.5 

50.5 

I 

12.4 11.7 25.4 21.3 8.6  23.6 1 19.3 17.2 

I 
17.6 35.3 26.4 25.2 1 24.4 

117.6 

21.8  10.8 

27.6  28.4 

35.E 

22.4 

- .  

18.F 

32.4 
21.1 
" . 

21.€ 

18.8 

~ 

24.1: 

39.2 

30.C 

'2 5 



TABLE 1V.- LATERAL MEANS 

(a) All values are given i n  S I  U n i t s  

Lateral  means, m, for  configuration - - 
4 

Subject 

1 

2 

3 

4 

5 

6 

7 

Average . . . 

- 
1 2 3 "i" 8 9 10 14 7 

-1.09 

3.37 
5.07 

1.65 
4.05 

1.89 
9.95 

2   - 2 4  
2.06 

0 - 4 8  
1.80 

2.76 
.57  

2.68 

1 1  

6.97 
I O .  79 

7  a48 
9.50 

4.40 

- 
3.44 

- 

3.08 

- 
3  -20  

2.24 
4.99 
- 
4.32 
2.81 

4.14 

- 
1.68 

1.86 

- 
4.42 

16.55 
19.95 

10.20 

15.76 
4.74 

9 - 6 6  

5 6   - 2 4  

87.50 

1.81 

- 

- 
2.84 

- 

3.92 
2.86 
- 
5.04 

0.03 

- 
4.33 

3.52 

- 
3.8 1 

-1.91 3.52 

21.50 

-6.86 

65.50 17.61 
9.03 

7.35  7.69  10.01 
3.74 

1.35  8.53  2.30 

2   -92  1.73 1.95 1.01 11.98 6.93 19.89 

1.41 

0.90 

4.47 2.36 1.39 3.75 6.69 4.47 
12.03 2 .12)  

3.77 0.37 
1.32 

3 - 8 6  Z - 6 0  9   -46  1.69 5.37 

3.61 - 2.91 
- 

i.14 
- 

12  -48  11.26 32.08 7   -92  
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TABLE IV.- Concluded 

(b) All values  are  given  in U . S .  customary  Units 

I Lateral means, f t ,   f or   conf igurat ion  - 

7 12.4  2.8  2.9  9.9 
4.3 

Average . . . 11.9  9.5  6.7  18.3 

21.8 

14.0 

- 
20.6 

- 
9.6 

15 .O 

- 
14.9 

16.9 
- 

'2 7 



TABLE  V.-  VERTICAL STANDARD DEVIATION 

( a )  All values  are  given i n  SI  U n i t s  

~- ~ ~ - . . .  

Vertical  standard  deviations, m, f o r  configuration - 
8 9  10  11  12  13  14 

2.07  5.29 

3.41  5.65 
~~ ~~ ~ 

6.66  3.42 

2.75  4.55 

"~ 

." _____ 
~~~ ~ 

28 

1111 111111111 



TABLE V.- Concluded 

(b) A l l  values are given i n  U.S. Customary Units 

~ 

Subject 

~ ~~~~ 

Vertical  standard  deviation, f t ,  for  configuration - 
. ~~~ ~ 

. ~ ". 

2 
. ". 

6.8 

~ 

6.8 

" 

10.1 

1 9 

1 7.4 
7.0 

~ ~~~ 

6.8 
4.9 
- " 

15.9 
12.0 

39.3 
23.2 

" 16.1 L 

- 
7.3  

" 

3 15.1 

4 8.7 12.6 18.9 

" '""I 
5 6.1 

- 

7.1 

~ 

7.3 

8.8 

" 

13.3  

16.9 

6 24 .3  

7 8 .7  14.4 
10.2 

~~ 

10.3  
.. ~ ". - 

21.3 10.1  19.8 

.. ~ ~ ~~ 

11.0  16.2 
" ~ .~ T "" 

I 

29.7  19.6  25.1  28.5  37.9 21.9 Average . . 
~~ 
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TABtE  VI . -  VERTICAL MEANS 

(a) F11 values  are  given i n  S I  m i t s  

I I Vertical means, m, for  configuration - I 
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TABLE V I .  - Concluded 

(b) A l l  va lues   a re   g iven   in  U.S. Customary Units  

V e r t i c a l  means, f t ,   f o r   c o n f i g u r a t i o n  - 
Subject ~ 

4 
__ 

4.1 

- 
3.4 

- 
-8.5 

__ 

4.3 

__ 
-1.8 

- 
-0.3 

- 
1.9 

- 
0 - 4  
- 

~ 

5 

- 
6 T:F 17.5 -19.3 4.9 -1.3 

1 -4.6 -3.5 7.31-46.4 

2 -2.9 

- 
-9.0 -. 1 

2.0 

- 
-0.1 

I ( -2 -91  

25.2 -12.3 1.3 -21.3 -1.8 -1.0 -2.3 

9.7  27.6 

-2.1 -2.5 

5.0 16.9 

-21.3 -7.5 

14.9 70.2 

3 2.4 

- 
13.6 +I- -15.2 9.8 -14.1 

-1.4  7.2 37.3 

"" " t 3.2 -2.8 

0.9  2.9 

1.6 4 

I 

5 -3.5 6.2 -0.31 -5.2 
2.3 

-16.1 -18.7 -1.4 13.2 I 4-41 I 

6 ,12.0 2.1 3.6 

- 0 . 3 1  -1.6 - 8 - 4  

$qq& 5.2 -8.9 9.6 15 .1  7 3.1 -4.0 2 
1-31 0.7 Average . . , -4.1 1.8 1.81 8.0 
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TABLE V I 1 . -  RANK ORDERING OF STANDARD DEVIATION AND  MEANS 

Lateral s tandard 
deviation 

C o n f i g u r a t i o n  

2 
6 
3 
7 
4 

11 
5 
9 

12 
8 

10 
13 
14 

1 

Average, 
m 

5.78 
6.02 
6.59 
6 -86  
7.06 
7.41 
7.43 
8.59 
9.31 
9.33 

11.40 
14.74 
29.84 

( a )  All values are g iven  i n  SI U n i t s  

Vertical s tandard  
deviation 

b n f  iguratior 

2 
3 
4 
6 
7 
5 
8 

1 1  
9 

12 
13 
10 
14 

1 

Average, 
m 

2.42 
3.14 
3.34 
3.80 
4.06 
4.93 
5.51 
5.99 
6.67 
7.66 
8.69 
9.04 

11.56 

Lateral m e a n s  

b n f  iguratior 

4 
7 
3 
2 
8 
6 
5 

12 
1 1  
10 
13 
9 

14 
1 

Average 
m 

2.05 
2.68 
2.91 
3.61 
4.14 
5.14 
5.58 
5.82 
6.33 
7.92 

11.26 
12  -48 
32.08 

Vertical m e a n s  

Jonf i g u r a t i o r  

4 
8 
3 
2 
7 
6 

13 
12 
11 
5 
9 

14 
10 

1 

4verage 
m 

0.13 
.22 
.28 
.3 1 
- 4 0  
.54 
.54 
.73 

1.07 
- 1  -26  

2.32 
2.44 

-4.14 
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TABLE V I I S -  Concluded 

( b )  All va lues  are g i v e n   i n  U.S. Customary I h i t s  

L a t e r a l   s t a n d a r d   V e r t i c a l   s t a n d a r d  
d e v i a t i o n   d e v i a t i o n  I/ L a t e r a l  means V e r t i c a l  means 

:onf igura t ion  

2 
6 
3 
7 
4 

1 1  
5 
9 

12 
8 

10 
13 
14 
1 

18.9 
19.8 
21.6 
22.5 
23.2 
24.3 
24.4 
28.2 
30.5 
30.6 
37.4 
4 8   - 4  
97.9 

2 
3 
4 
6 
7 
5 
8 

1 1  
9 

12 
13 
10 
14 

Conf igura t ion  Conf igura t ion  
f t  f t  

7.9 

10  105.3 14  37.9 
14  40.9 9 29.7 

9 36.9 13  28.5 
5  26.0 10 25.1 

11  20.8 11  21.9 
12  19.1 12  19.6 
13 18.3  5  18.1 
6 16.9 6  16.2 
7 13.6  8 13.3 
2 11.9 2  12.5 
3  9.5 3 11.0 
8  8.8 7 10.3 
4 6.7  4 

1 1 

iverage,  
f t  

0 - 4  
.7 
.9 

1 .o 
1.3 
1.8 
1.8 
2.4 
3.5 

-4.1 
7.6 
8.0 

-13.6 

3 3 



"E 
4Y 

rad/sec 0 . . . ,  

- *  1 r;:: . .  . . . .  

. . . .  . . . , . . . . 
.. . ._.  .... 

.... . . . . . . . . . .  
. .  . .  . . . . . . . . . 4 k 2 . 5  sec 

Time 

( a )   Shor t -pe r iod   r e sponse   t o  
0.02-rad  elevator  step.  

r, 
rad / sec 

P3 
radlsec 

': E 
-. 2 

.4 

- 2  0 E 

AV Y 

m/sec 
-5 " E  -+ sec 

Time 

(b)  Phugoid  response t o   i n i t i a l  
out-of - t r i m  a. 

4 k 2 . 5  sec 

Time 

(c) Latera l   response   to  0.068-rad 
a i l e r o n   s t e p .  

Figure 1.- Aircraf t - response   charac te r i s t ics .  
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L-80-10,913 

Figure 2.- I n s t r u m e n t   p a n e l  of s i m u l a t o r .  
W m 



w cn 

I- Remnant a 

Ke 
hC 2 Aircraft 

(1 + 0 . 2 s )  - 
1 I 

(a)  Longitudinal  system. 

(b) Lateral  system. 

Figure 3. -  Block diagram of p i lo t - a i r c ra f t -d i sp l ay  system. 



Configuration: 1 

Ah, m 0 .  

- 

2 3 4 

10 sec + + 
Time 

F i g u r e  4.- System r e s p o n s e s   i n   p r e s e n c e  of c r o s s w i n d   a n d  gusts o b t a i n e d   w i t h  subject 1. Recording  
s e n s i t i v i t y   c h a n g e s   w i t h   e a c h   c o n f i g u r a t i o n .  

W 
4 



Configuration: 5 6 

r 

Configuration: 7 8 - 

Ah, m 0.m 

38 

Time 

Figure 4.- Continued. 



C o n f i g u r a t i o n  : 11 1 2  

Ah, m 0 

+ k 1 0  sec 

T i m e  

Figure 4.- Concluded. 
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Configuration: 5 6 7 8 

r 

20 

0 

-20 4 

30 

-30 

Airspeed, :z E 
knots 

75 

+ 10 sec 

Time 

Figure 5 . -  System  responses to  i n i t i a l  error obtained  wi th  subject 1.  =cording 
sens i t iv i ty   changes   w i th   each   conf igurat ion .  
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I 

Configuration: 1 2 3 4 

Ah, m [ 

Configuration: 10 11 12 

Ah, m 

0 

Confieuration: 13 14 u 

Ah, m [ 

+ 10 sec 

Time 

Figure 5 . -  Concluded. 
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Configuration: 5 6 7 8 

Ah, m [ 

$ 9  

deg 

20 

.20 .t 
3:[ 

-30 

iz E Airspeed, 
knots 

75 

Time 

Figure 6.- System  responses t o   i n i t i a l   e r r o r   o b t a i n e d   w i t h  subject 5. Recording 
sensi t ivi ty   changes  with  each  configurat ion.  
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Configuration: 1 2 3 4 

Ah, m [ 

Configuration: 9 10 11 1 2  - 

Ah, m 

Configuration: 13 1 4  

Ah, m 

Time 

Figure 6.- Concluded. 
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Configuration: 1 2 3 4 

Ah, m [ 

Configuration: 

Ah, m 

5 6 7 8 

AY Y m 

Configuration: 9 10 11 12 

0 

Ah, m 

4 10 sec 
Time 

Figure 7.- System responses t o   i n i t i a l   e r r o r s   o b t a i n e d   w i t h  subject 2. &cording 
s e n s i t i v i t y  changes  with  each  configuration. 
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Configuration: 1 2 3 4 

Ah, m [ 

Configuration: 5 6 7 a 

m 

Configuration: 9 10 11 12 

+ + 10 sec 

T i m e  

Figure 8 . -  System responses to  initial   errors  obtained  with  subject 3.  Recording 
s e n s i t i v i t y  changes  with  each  configuration. 
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Configuration: 1 2 3 4 

Configuration: 

Ah, m [ 

Configuration: 

Ah, m [ 

5 6 7 8 

9 10 11 1 2  

+ 10 sec 
Time 

Figure 9.- system  responses t o   i n i t i a l   e r r o r s   o b t a i n e d   w i t h   s u b j e c t  7. Recording 
s e n s i t i v i t y  changes  with  each  configuration. 
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Configuration: 5 6 7 8 

0 

Ah, m 

2o 0 [ 
4Y. 

20 

-20 O I  

30 ' 

$ 9  0 
deg 

-30 

Airspeed, 75 

65 
knots 

I Responses  from  configuration - 
Quantity 

5 
~ 5, radlm-- 0.0097 

' e  """" 
ec,L, deg -- 3.5 

-0.2 

K rad/m -- 0.0082 
K - _ _ - - _  1.5 
K. - - - - - - -0.5 

Y' 
0 
cp 

$c,L, dee - - 
9c,L, deg - - 

6 

0.0196 

-0.4 

7 

0.0033 

1 .5  

-0.5 

7 

0.0097 

-0.4 

12 

0.0047 

2 

-0.5 

17 

0.0065 

0.0033 

-0.5 

Figure 10.- System responses to   i n i t i a l   e r ro r s   ob ta ined   w i th  
p i l o t  model. Recording s e n s i t i v i t y  changes  with  each 
configuration. 
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Configuration: 5 6  7  8 

0 
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Figure 10.  - Continued. 
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Configuration: 3 3 11 1 3  
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F i g u r e  10. - Concluded. 
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